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Current-Induced Gap Suppression in the Mott Insulator Ca2RuO4
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We present nonlinear conduction phenomena in the Mott insulator Ca2RuO4 investigated with a proper eval-
uation of self-heating effects. By utilizing a non-contact infrared thermometer, the sample temperature was
accurately determined even in the presence of large Joule heating. We find that the resistivity continuously
decreases with currents under an isothermal environment. The nonlinearity and the resulting negative differen-
tial resistance occurs at relatively low current range, incompatible with conventional mechanisms such as hot
electron or impact ionization. We propose a possible current-induced gap suppression scenario, which is also
discussed in non-equilibrium superconducting state or charge-ordered insulator.
Nonlinear transport nature of strongly correlated electrons
is one of the most fundamental but remaining issues in con-
densed matter physics. In a vicinity of correlated insulating
phase, mobile electrons sense strong interactions among them
and consequently anomalous metallic states are often realized,
which are usually induced by temperature change, physical
pressure or chemical substitutions.1 This naturally invokes an
idea that the correlated electrons in a highly non-equilibrium
condition, such as in strong electric field, show exotic be-
haviors as well.2 In correlated transition-metal oxides or or-
ganic salts, such a nonlinear conduction phenomenon has
been extensively explored.3–7 In an oxide Mott insulator, tem-
perature variation of the threshold field for dielectric break-
down is found to be similar to that in the charge-density-wave
(CDW) materials, implying a possible collective motion trig-
gered by strong fields.6 Indeed, a spontaneous electrical oscil-
lation associated with notable nonlinear conduction has been
reported in an organic charge-order salt,8 which is reminis-
cent of the sliding motion of CDW. As a different origin for
the breakdown phenomena, an unconventional avalanche pro-
cess with anomalously long delay time has been suggested in
the narrow-gap chalcogenide Mott insulators.9
The 4d-electron Mott insulator Ca2RuO410,11 is a partic-
ularly suitable example for the study of nonlinear transport
nature in correlated electron systems because the insulating
phase of this material is highly susceptible to external per-
turbations such as heating, application of pressure, or chem-
ical substitution.12–15 At TMI ≃ 360 K, this compound ex-
hibits a first-order metal-insulator transition, whose nature has
been intensively studied as orbital order formation.16–23 Sys-
tematic isovalent Sr substitution study has revealed that the
ground state of Ca2−xSrxRuO4 varies from the Mott insula-
tor (x < 0.2) to the spin-triplet superconductor (x = 2)24
through a spin-glass state in the broad composition range.25
The parent compound becomes to be metallic with applying
pressure as well,15 and the higher pressure makes the system
superconducting.26
Recently, Nakamura et al. reported an electric-field-
induced insulator-to-metal transition in Ca2RuO4.27 They
have found that the Mott insulating state is abruptly switched
into a metallic one by relatively low electric field of E ∼ 40
V/cm at room temperature, indicative of a novel mechanism
for this transition. They used, however, a relatively long pulse
with duration time of 10 to 100 ms, raising a serious concern
that the observed field-induced switching is just from the Joule
heating effect since TMI is close to room temperature. The
duration time is indeed much longer than that in traditional
nonlinear-conduction experiments with a short pulse less than
1 µsec.28–30 The heating effect is the most fundamental prob-
lem in such experiments because the conductive state realized
by strong field is often very similar to that in high tempera-
tures. In fact, the origins of observed nonlinear conduction in
correlated electron systems have been discussed as the heating
effect.31–37
Here, we investigate the nonlinear transport property of the
Mott insulating phase of Ca2RuO4 using a proper temperature
evaluation method. This is achieved with utilizing infrared
thermometer, which directly measures the sample temperature
without contacts, in contrast to conventional contact thermom-
etry by which we cannot avoid a finite temperature difference
between the sample and thermometer due to the thermal re-
sistance. Using the non-contact technique, the sample tem-
perature was strictly kept below TMI even in the large exter-
nal currents. We find a continuous reduction of the electrical
resistivity by the current and a distinct negative differential
resistance behavior at very low fields, indicating that the con-
ventional mechanisms for dielectric breakdown in semicon-
ductors are unlikely in this system. We propose a model that
the energy gap is suppressed by external current as suggested
in non-equilibrium superconducting state or charge-ordered
insulating phase. A microscopic mechanism for the current-
induced gap suppression is discussed in terms of orbital order
melting by external current.
An important issue on the nonlinear transport is a reliable
determination of the sample temperature even in large exter-
nal currents. In the present study, to evaluate the sample tem-
perature with heating, we utilized a non-contact infrared ther-
mometer (Infrared temperature sensor IT2-02, Keyence Cor-
poration), which measures the temperature through the black-
body radiation from the sample in an infrared range (λ = 6 ∼
12 µm). This method enables us to directly measure the tem-
perature without additional heat capacity and contact ther-
mal resistance of conventional contact-type thermometer. In
our experiments, Ca2RuO4 single-crystalline sample was sus-
pended using four gold wires and thus isolated from the ther-
mal bath to avoid a strong temperature gradient inside the
sample. The experimental setup was built in a N2-gas-filled
glove box to prevent the sample from icing and the external
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FIG. 1. (Color online). Temperature dependence of the in-plane re-
sistivity ρ in the Mott insulating phase of Ca2RuO4 measured with
different external current densities J. The sample temperature (hori-
zontal axis) was determined by a non-contact infrared thermometer.
The error bars show the temperature measurement resolution of the
infrared thermometer. Inset illustrates the schematic figure of exper-
imental configuration. The infrared thermometer locates just above
the single-crystalline sample.
temperature was controlled by N2 gas blowing. Just above
the sample, the infrared thermometer was placed as illus-
trated in the inset of Fig. 1. The spot-size diameter of the
infrared thermometer is 1.2 mm, which is smaller than the
cleaved ab-plane surface area (typical sample dimensions of
2 × 2 × 0.2 mm3). For the calibration of the emissivity to use
the thermometer, the sample surface was thinly coated by a
blackbody insulating paste. The accuracy of infrared ther-
mometer was checked using a calibrated thermometer coated
by the paste. The temperature values measured by the two
methods are well accorded within 1 K. This also indicates
a negligible temperature difference between the sample and
the paste. The temperature homogeneity in large currents was
checked by an infrared thermography (InfReC R300, Nippon
Avionics). The variation is about 1 K, which is almost the
same as the measurement resolution of the spot-type infrared
thermometer. The in-plane resistivity was measured as a func-
tion of temperature using the standard four-probe dc method
with several different values of external constant currents for
J‖ ab-planes. To reduce a contact resistance that possibly
becomes an extrinsic origin for nonlinear conduction due to
local heating, electrical contacts were carefully made with a
gold deposition technique. Ca2RuO4 single crystals with es-
sentially stoichiometric oxygen content were grown with a
flouting-zone method.
Figure 1 depicts the temperature dependence of in-plane re-
sistivity ρ in Ca2RuO4 single crystal measured with several
excitation currents. Note that the temperature was directly
determined by the non-contact infrared thermometer, whose
40
30
20
10
0
E
 (
V
/c
m
)
3020100
J (A/cm
2
)
 
T = 310 K(b)
 #1
 #2
 #3
6
4
2
0
ρ 
(Ω
 c
m
)
3020100
J (A/cm
2
)
T = 310 K
 #1
 #2
 #3
(a) Ca2RuO4 
single crystals
FIG. 2. (Color online). Current density J variations of (a) the resis-
tivity ρ and (b) the electric field E at T = 310 K. Results of three
single crystals are shown as different symbols.
temperature measurement range is between 273 and 773 K.
The high-current resistivity data is not available at lower tem-
peratures since the sample was not cooled owing to large heat-
ing. At TMI, it is highly probable that the crystal will be bro-
ken owing to the large structural change,12 and thus we kept
the sample temperature below TMI during the experiment. At
J = 0.03 A/cm2, the resistivity behavior is the same as that in
the previous reports. The resistivity measured with lower cur-
rent density than 0.03 A/cm2 is almost unchanged. At higher
external currents, while all the data share an insulating fea-
ture, namely dρ/dT < 0, in common, the resistivity clearly
decreases with increasing external currents, indicating a non-
linear conduction from insulating toward a metallic state. The
resolution of the infrared thermometer is shown as the error
bars for each data. Clearly, the observed nonlinearity is much
larger than magnitudes of the error bar.
In Figs. 2(a) and 2(b), we summarize the transport proper-
ties of Ca2RuO4 at 310 K as a function of the electrical current
density extracted from Fig. 1. Results of three Ca2RuO4 sam-
ples are shown with different symbols. Essentially same re-
sults among these samples indicate no filamentary effect. As
seen in Fig. 2(a), the resistivity continuously decreases with
currents, and at the highest current value that we can achieve,
the resistivity becomes about ten times smaller than the low-
est current one. This strong suppression of the resistivity leads
to a negative differential resistance in the electric field E vs.
J curves shown in Fig. 2(b). At 310 K, the E-J curve ex-
hibits a peak at E ∼ 30 V/cm, which is almost same as the re-
ported threshold field,27 indicating an intrinsic nonlinearity in
this material. Note that the resistivity shows no abrupt change
above this field but rather continuously decreases, still keep-
ing an insulating behavior as seen in Fig. 1. In this situation,
the control parameter is essential: we controlled the current
instead of the electric field to avoid the thermal runaway. Fur-
thermore, the electric field is now a single-valued function of
current while the current is a multiple-valued one of field, im-
plying that the current is more appropriate control parameter.
Let us discuss an origin of the observed nonlinear conduc-
tion phenomena in Ca2RuO4. In the Zener tunneling mecha-
nism for dielectric breakdown, the threshold field is roughly
estimated as ∼ εg/ed, where e is the charge of an elec-
3tron, εg is a gap energy, and d is a distance between neigh-
boring atoms. In Ca2RuO4, using εg ∼ 0.4 eV38,39 and
d ∼ 0.4 nm,40,41 the threshold field becomes about 10 MV/cm,
which is much larger than the applied field in the present
study. The many-body effect has an influence on the tunneling
as the threshold is modified as ∼ ∆Mott/2eξ, where ∆Mott is a
Mott gap energy and ξ is a doublon-hole correlation length,42
but this still seems to be larger than the present field range. In
analogy to the sliding motion of CDW, a collective trasnport
has been suggested in a Mott insulator.6 In such a case, the
sliding CDW carries excess current above the threshold field.
However, the present system shows rather smooth change of
the resistivity as a function of current, implying a different
mechanism.
In conventional semiconductors, nonlinear transport is gen-
erally observed even in much lower field than the above-
mentioned threshold field. This is so-called hot electron phe-
nomenon, in which the electronic temperature Te, introduced
from the kinetic energy of electron εkin as Te ≡ εkin/kB, is
larger than the lattice temperature Tl.43 In the acoustic phonon
scattering regime with the energy-dependent relaxation time
of τ(ε) ∝ ε−1/2, an increase of Te gives a decrease of τ, thus
the conductivity or the mobility µ is decreased with increas-
ing field as observed in Si or Ge samples.28 This picture is
incompatible with the present result since the conductivity is
increased with current as seen in Fig. 2(a). In impurity-doped
semiconductors, on the other hand, the electric field raises the
mobility owing to the ionized impurity scattering with energy-
dependent relaxation time of τ(ε) ∝ ε3/2.43 But even in this
case, the nonlinearity is usually too weak to exhibit a negative
differential resistance and the impurity scattering is generally
dominant only at low temperatures.
We next discuss the impact ionization mechanism. To
cause this, it is necessary that the electron kinetic energy εkin
exceeds the gap energy εg, leading to a condition that the
electron velocity v = J/ne should be comparably large to
vm =
√
2εg/m∗, where m∗ is an effective mass.44 In Ca2RuO4,
assuming m∗ = m0, one obtains vm = 3.7 × 107 cm/s. On the
other hand, at 310 K, the carrier concentration is estimated to
be n = 3.5×1016 cm−3, which is calculated from the measured
Seebeck coefficient (not shown), leading to v = 5.3×103 cm/s
at J = 30 A/cm2. Now, v ≪ vm, indicating that the impact
ionization mechanism is unlikely in the present system. This
situation should be compared with that in the conventional
narrow-gap semiconductor InSb, in which a comparable en-
ergy gap of 0.2 eV is open. In pure InSb samples, an avalanche
breakdown occurs at relatively low fields of the order of 100
V/cm at 77 K through the impact ionization associated with
a drastic increase of the carrier concentration.29,30 This is due
to a very high mobility of this material about 105 cm2/Vs at
77 K, which is much larger than that in Ca2RuO4. Also, the
present field range is much smaller than the avalanche break-
down fields in the comparable narrow-gap Mott insulators.9
The continuous decrease of the resistivity observed at very
low current (or field) range in Ca2RuO4 is highly anomalous
compared with above-mentioned conventional mechanisms.
Here we analyze it in terms of a current-dependent energy
gap, which has been proposed in non-equilibrium supercon-
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FIG. 3. (Color online). (a) The energy gap change [∆(J,T ) −
∆(0,T )]/kB at various temperatures as a function of current density
J in sample #1. (b) Temperature dependence of the exponent α, ob-
tained from the fitting of the current-dependent gap using an expres-
sion ∆(J,T ) − ∆(0, T ) = AJα.
ducting state.45 The superconducting gap is decreased not
only by heating but also with excess quasiparticles injected
by external currents, as demonstrated by the thin film tunnel-
ing experiments.46,47 This carrier injection by current to re-
duce the energy gap is also discussed in CDW and charge-
order insulators.48,49 This scenario seems to be applied in the
present case: In Ca2RuO4, the tetragonal crystal-field split-
ting due to the flattened RuO6 octahedra, as well as the strong
Coulomb repulsion among 4d electrons, leads to a stabilized
dxy orbital (dxy orbital ordering) below TMI.20 This is charac-
terized by the orbital polarization p ≡ nxy−(nyz+nzx)/2, where
ni (i = xy, yz, zx) is the i-orbital occupation. Below TMI, p ∼ 1
[(nxy, nyz, nzx) = (2, 1, 1)] is realized. Here the excess carriers
injected by external currents should decrease the orbital polar-
ization. In consequence, the energy gap is reduced by current
through the Jahn-Teller distortion of RuO6 octahedra.
In Ca2RuO4, the resistivity shows a slight deviation from
activation-type insulating behavior near TMI, whereas it is well
obeyed below 250 K,39 probably because of the temperature
variations of the effective mass and the relaxation time. Then
the resistivity can be represented as
ρ(J, T ) = ρ0(T ) exp[∆(J, T )/2kBT ] (1)
where ρ0(T ) is a temperature-dependent coefficient and
∆(J, T ) is the current-dependent energy gap. The gap also de-
pends on temperature linearly near 300 K.20 Using Eq. (1),
one obtains the energy gap change from the low-current value
as
∆(J, T ) − ∆(0, T ) = 2kBT ln ρ(J, T )
ρ(0, T ) . (2)
Figure 3(a) depicts the current density dependence of the en-
ergy gap change calculated using Eq. (2) for various tem-
peratures. The gap shows a power-law variation expressed
as ∆(J, T ) − ∆(0, T ) = AJα. Here A is a constant and
α is an exponent, whose temperature variation is shown in
Fig. 3(b). In non-equilibrium superconducting or charge-
order state, the normalized energy gap ∆(nex)/∆(0) is de-
creased as ∆(nex)/∆(0) = 1−2nex for nex ≪ 1 at low tempera-
tures, where nex is the excess quasiparticle density normalized
4by the condensed carrier density.45,48 Here nex is almost pro-
portional to J, thus the linear reduction of gap as a function of
current is expected. As seen in Fig. 3(a), our present results
show a similar behavior at lower temperatures, supporting the
scenario that the gap is suppressed by current. Close to the
transition temperature, on the other hand, J2-dependent gap
reduction is theoretically found at low current range,48 also
consistent with our result. The gap is less reduced by cur-
rent in higher temperatures since the current-induced carrier
injection effect is relatively weakened in the high-temperature
range where a large number of carriers are thermally excited.
A remaining question is that why the nonlinear conduction
appears in such a low field range. A characteristic length for
the nonlinearity is estimated as l = δ∆/eE0 ≃ 10 µm, where
δ∆ ≃ 30 meV is a gap reduction at the current J0 = 10 A/cm2
and the field E0 ≃ 30 V/cm [Fig. 3(b)]. In Ca2RuO4, the
electron-phonon coupling is significantly large, as seen in the
drastic change of the electronic state with slight lattice de-
formation. In fact, recent theoretical study suggests that the
orbital order follows the structural transition at TMI.23 This
implies that the electronic state can be governed by a lattice
correlation length scale, which is typically much longer than
the electronic one. As a consequence, the electronic system
gains a long correlation length, leading to the low-field non-
linear conduction phenomenon.
In summary, we report the nonlinear conduction property
of the Mott insulating phase of Ca2RuO4. To overcome the
experimental difficulty associated with heating, we utilized a
non-contact thermometer to directly measure the sample tem-
perature even in the presence of large Joule heating. The ob-
served resistivity exhibits a clear nonlinearity characterized
by a negative differential resistance at very low current range,
highly incompatible with conventional mechanisms of nonlin-
ear conduction. As an origin of the observed nonlinear con-
duction phenomena, we suggest an energy-gap suppression
by current, as also seen in non-equilibrium superconducting
or charge-order state.
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